The possible chemical interaction between synthetic hydroxyapatite or bovine enamel and a functional monomer of 4-methacryloxyethyl trimellitic acid (4-MET) diluted in methyl methacrylate (MMA) was examined by measuring the Raman spectra. It was concluded that the carboxyl group of 4-MET reacted with the calcium in the substrate to form a salt that was detected by the Raman band at around 1,380 cm-1. However, formation of the salt on the surface of the hydroxyapatite (HAP) with the carboxyl group, and polymerization of the 4-MET in the methacryl group near the surface were mutually exclusive reactions for the same 4-MET molecule.
INTRODUCTION
The bonding efficacy of resin materials to tooth structures has been improved by the development of the functional monomers, 4-methacryloxyethyl trimellitate anhydride (4-META)1) and methacryloxydecyl dihydrogen phosphate (MDP)2), and by the introduction of bonding aids such as dentin cleansers and primers.
It has been speculated that these functional monomers affect bonding because they have both hydrophilic and hydrophobic groups that display affinity for the tooth structures and dental composite, respectively3).
It has also been suggested that the carboxyl groups in 4-methacryloxyethyl trimellitic acid (4-MET) might be able to form compounds with the calcium in the hydroxyapatite of the tooth structure4). Although these monomers are considered to be bonded to the inorganic components, Munksgaard and Asmussen reported that the organic component was possibly activated by dentin primers composed of glutaraldehyde and hydroxyethyl methacrylate (HEMA)5). They claimed that the aldehyde group of the glutaraldehyde in their dentin primer, GLUMA, attacked the amido groups in the collagen protein and made it polymerizable with HEMA. It is thus considered that dental adhesives should be chemically designed to interact with the organic or inorganic components in the tooth substances, and physically designed to provide both hydrophilic and hydrophobic characteristics. Despite this development in adhesives, the improved bonding efficacy of the functional monomers has been considered to be based on resin tag formation in the acid etched enamel prism and dentin tubules6).
Lately, bonding of the functional monomers has been explained by the formation of a hybrid7) composed of both the superficial tooth structure and the immersing resin materials.
Although a few chemical analyses carried out by IR4,8), Raman9-11) and adsorption12,13) experiments on the adhesive interface between the functional monomers and tooth substrate have been reported, no consistent details of the bonding mechanism have been defined, probably because of the difficulty of the chemical analysis.
The purpose of the present study was to use laser-Raman spectroscopy to determine the chemical interaction between the resin adhesives and hydroxyapatite and to clarify the adhesion process.
MATERIALS AND METHODS
Raman spectral measurement of HAP, 4-MET, and MMA In the first series of measurements, Raman spectra of hydroxyapatite (HAP; Ca10 (PO4)6 (OH)2), methyl methacrylate* (MMA), and 4-MET were measured. These two monomers ( Fig. 1) are the components of a commercial adhesive** ( system is illustrated in Fig. 2a . The laser beam was focused through the bottom of the glass cell on the sample (Fig. 2b) , and the scattered light at a right angle to the incidental beam was collimated and projected into the entrance slit of a double monochromator.
The spectral slit width was around 5 cm-1. The Raman spectra were taken in the range of 2,000 to 100cm-1.
Raman spectral measurement of a mixture of HAP and 4-MET In a second series of measurements, 0.09g HAP was mixed with 0.13g condensed monomer solution in a glass cell. After stirring and storing the specimens in the glass cell for 24h, the residual. MMA monomer was evaporated completely and the measurement was made. After measurement, approximately 0.22g MMA was poured into the glass cell to ensure the chemical stability of the reaction product and to eliminate any excess 4-MET which might not have reacted with the HAP. After 30min, the supernatant solution was removed with a glass syringe and the residual solvent was evaporated. This washing procedure was repeated five times, and the spectrum was measured again.
To confirm the molecular structure of any salt that might possibly have been produced, the spectra of both the crystal and the saturated aqueous solution of potassium hydrogen phthalate (KHPh)* were also measured.
Raman spectral measurement of a mixture of HAP, 4-MET, MMA, and TBB In the third series, a mixture of HAP, 4-MET, MMA, and TBB was measured to examine the effect of the polymerization of 4-MET on the interaction between 4-MET and HAP.
In the first stage, a mixture of 0.08g MMA and 0.013g of commercially available trin-butyl borane (TBB)** was added to a glass cell containing 0.11g of the mixture of HAP and condensed monomer solution described, without carrying out the washing described in the second series. After stirring and storing the specimen in a glass cell for 24h, the residual MMA was evaporated and the spectrum was recorded.
In the second stage, 0.22g MMA and 0.039g TBB were poured into a glass cell containing the 0.11g specimen consisting of 4-MET and HAP which had been washed with MMA and evaporated.
Spectral measurement was repeated 1, 5, and 12d after adding the TBB.
In the third stage, a mixture of 0.20g commercially available monomer solution, 0.013g TBB, and 0.02g HAP was stirred and stored for 4d. The spectrum was then measured after evaporating the residual MMA. The final stage was examination of the interaction between HAP and a copolymer of 4-MET and MMA, prepared by mixing 0.072g of condensed monomer solution with 0.039g TBB dissolved in 0.28g chloroform*** in a glass cell. After storing the mixture *: Potassium Biphthalate , G.R. Koso Chemical Co., Ltd., Tokyo, Japan. **: Super Bond C & B , Sun Medical, Kyoto, Japan. ***: Chloroform , Takahashi Pure Chemical, Co., Tokyo, Japan.
for 24h and eliminating the chloroform by evaporation, the spectrum was measured to ensure complete polymerization of the MMA and 4-MET. For 24h, 0.06g of this copolymer was allowed to react with 0.05, 0.07, and 0.09g HAP in 0.28g chloroform, and the spectra were measured after eliminating the chloroform by evaporation.
Raman spectral measurement of the adhesive on bovine enamel
In the final series, the chemical reaction between bovine enamel and commercial adhesive was examined.
A flat enamel surface was prepared by grinding the labial surface of an extracted bovine tooth on wet carborundum paper with progressively finer grit to number 1500. The ground surface of the enamel was etched with a commercial phosphoric acid gel* for 60s, rinsed, and dried. The substrate was then immersed in commercial monomer solution containing 4-MET diluted in MMA in a glass container, and the spectrum was measured after storing the specimen for 2h and eliminating the residual MMA by evaporation.
The flat surface of the specimen was illuminated by an incident laser beam ( Fig. 2c ). In the final stage, the enamel surface was acid etched three times, and a mixture of 0.078g condensed monomer solution, 0.006g PMMA, and 0.013g TBB was applied on the enamel surface after the last etching. After 24h, the spectrum was then recorded with the same optical arrangement (Fig. 2c ).
RESULTS
Raman spectra of HAP, 4-MET, and MMA In the spectrum of HAP (Fig. 3a) , the strongest band was at 963cm-1, which was *: K -etchant , Kuraray, Osaka, Japan. assigned to the P-O totally symmetric stretching mode of the phosphate ion15); weak bands at 1,077, 1,047, 593, and 433cm 1 were also observed. The spectrum of 4-MET solid (Fig. 3b ) was characterized by three bands, at 1,719, 1,612, and 774cm-1, which were attributed to the C=O stretching16) mode of the ester group, the aromatic ring stretching16) and breathing17) modes, respectively. The C=C stretching16) mode in the methacryl group, and the C=O stretching16) mode in the hydrogen-bonded carboxyl group were represented by bands at 1,642 and 1,675cm-1, respectively.
In the spectrum of MMA (Fig. 3c) , four bands were recognized, at 1,722, 1,641, 1,404, and 834cm-1, and the C-O-C symmetric stretching mode18) was characterized by a band at 834cm-1.
The mixture of 4-MET and MMA (condensed monomer solution) showed superimposed spectra of these two materials (Fig. 3d) , although the band of 4-MET solid at 1,675cm-1 was shifted to 1,698cm-1, possibly due to change of the hydrogen-bonding created by a solvent effect. Raman spectra of HAP and 4-MET mixture
In the spectrum of the evaporated mixture of HAP and the condensed 4-MET solution (Fig. 4a) , two remarkable bands were observed at 1,383 and 1,700cm-1; these were unclear in each individual spectrum. There were no obvious changes in the spectrum after the mixture had been washed five times with MMA (Fig. 4b) .
The spectrum of the crystalline KHPh (Fig. 5a ) was characterized by bands at 1,675 and 1,385cm-1; these were attributed19) to hydrogen bonded C=O stretching mode of the un-ionized carboxyl group and COO-symmetric stretching modes of the ionized carboxyl group, respectively, according to the crystal structure20). The 1,675cm-1 was shifted to 1,702cm-1 and the 1,385cm-1 was shifted to the doublet at 1,404 and 1,378 cm-1 in the aqueous solution (Fig. 5b) .
Comparison of the spectra (Figs. 4 and 5 ) and the molecular structural similarity of KHPh and 4-MET indicated that the band at 1,700cm-1 in Fig. 4a corresponded to the C=O stretching mode of an un-ionized carboxyl group of 4-MET, and that at 1,383cm-1 corresponded to the COO-symmetric stretching mode of an ionized carboxyl group.
Therefore, the two carboxyl groups of 4-MET monomer were defined as ionized and unionized after interaction with HAP, and it was considered that the ionized carboxyl group probably formed a salt with calcium in HAP. Fig. 4a (without washing) 1d after polymerization was induced by adding MMA and TBB. b), c), and d) Raman spectra of the sample used in Fig. 4b (after washing), 1, 5, and 12d, respectively, after adding MMA and TBB.
Raman spectra of a mixture of HAP, 4-MET, MMA, and TBB Figure 6a shows the Raman spectrum of the specimen polymerized without washing, as described for the first stage of the third series. The presence of the calcium salt was characterized by the bands at 1,701 and 1,381cm-1, and the complete polymerization and evaporation of MMA was indicated by the disappearance of the band at 834cm-1 in conjunction with the appearance of the band at 814cm-1, which was assigned to the C-O-C symmetric stretching mode of PMMA21). When the mixture of HAP and 4-MET was washed five times with MMA, and this was followed by the addition of MMA and TBB, the intensity of the bands at 1,699 and 1,379cm-1 (Fig. 4b) decreased progressively with time, and the band at 834cm-1 shifted to 815cm-1 (Fig. 6b, c, and d) . This suggests gradual decomposition of the calcium salt during polymerization, although the two bands at 1,699cm-1 and 1,379cm-1 were quite intense in the same sample before polymerization (Fig. 4b) . However, formation of the calcium salt must have been prevented, since no obvious band was observed at around 1,380cm-1 when TBB, HAP, and the commercial monomer solution were mixed simultaneously.
This simultaneous mixing allowed MMA and 4-MET to polymerize from the early stage (Fig. 7) .
Moreover, the Raman spectrum of 4-MET/MMA copolymer (Fig.8a ) remained unchanged after it was mixed with various quantities of HAP. Figure 8b shows the spectrum for 0.07g HAP. This indicates that it is impossible for a 4-MET molecule to form a calcium salt with HAP after polymerization.
Raman spectra of the adhesive on bovine enamel Pronounced bands at 1,700 and 1,382cm-1, as well as at 1,641cm-1, were observed in the Raman spectrum of the etched bovine enamel surface after it was soaked in commercial monomer solution and the MMA was evaporated (Fig. 9a) . These bands are characteristic of the salt formed by 4-MET monomer and calcium. However, the bands 
DISCUSSION
Because of the complexity of the chemical and geometrical structure of dentin, it is difficult to establish bonding between dentin and resin materials.
Most research into dental adhesives emphasizes development of dentin bonding materials. An etched enamel surface is considered to be easily bonded to resins because the resin tag formed by penetration and polymerization of monomers into the surface micro-undercut exhibits significantly high bond strength.
Such high bonding is based on the simple structure of the enamel, which has an extremely small amount of water, few organic components, and no tubules.
Thus, the bonding established between enamel and resin has previously been considered to be due mainly to a mechanical interlocking.
It has, however, been demonstrated that a hybrid7), composed of both resin and tooth components, was observed not only in the superficial layer of bonded dentin, but also in the bonded enamel surface. This finding suggests the possibility of a chemical interaction between a functional monomer and inorganic components in the enamel.
In the present study, possible chemical changes of the functional monomer and substrates were examined by Raman spectroscopy. It was concluded that the carboxyl group in 4-MET monomer forms a salt with the calcium in synthetic HAP, since the band at 1,383cm-1, characteristic of the-COO-ion, was recognized in a mixture of HAP with solution condensed by evaporation of MMA (Fig. 4a) . This salt was also concluded to be stable, since the band still remained after the residual 4-MET was washed away five times with MMA (Fig. 4b) . However, the chemical stability of the salt does seem to be doubtful under polymerization conditions. This conclusion is explained by the following results:
The intensity of the band at 1,379cm-1, observed after washing with MMA, decreased as the polymerization proceeded (Fig. 6b, c, and d) . This indicates that the salt once formed was destroyed during polymerization. After complete polymerization of 4-MET and MMA no bands were detected at around 1,380cm-1 (Figs. 7 and 8b ). This suggests that polymerized 4-MET is not able to form a salt with HAP. Furthermore, the band at around 1,380cm-1 was always accompanied by a band at around 1,640cm-1 (Figs. 4a, b; 6a; 9a, and b), despite the absence of MMA, and this demonstrates that the salt is formed only between calcium and the 4-MET monomer, not its polymer.
Such findings indicate that a 4-MET molecule has difficulty in polymerizing with the methacryl group and simultaneously forming a salt with the carboxyl group, probably due to a geometrical restriction, although, in IR studies22,23), polyacrylic acid has been found to form a calcium salt with HAP in aqueous solution.
Moreover, the polymerization of 4-MET is considered to precede salt formation in the presence of TBB, whereas salt formation from the 4-MET monomer occurs readily and the salt is stable without TBB.
This incompatibility of salt formation and polymerization by a 4-MET molecule, as well as the stability of the salt during washing also suggest that the salt formation occurs on the surface of HAP crystal; 4-MET molecules are chemically, not physically adsorbed on HAP. In practice, however, it is suggested that the salt may remain even after the polymerization of MMA, since the band at 1,382cm-1 was observed despite the absence of the band at 834cm-1 due to MMA monomer on the bovine enamel surface (Fig. 9b) . The band at 1,639cm-1 observed in Fig. 9b , should thus be attributed mainly to the 4-MET monomer which formed a salt with calcium.
The existence of the remaining salt after polymerization is explained by its dependence on excess 4-MET monomer, which is able to form a salt (See the difference between Fig. 6a and d) . Therefore, it is considered that on the etched enamel surface there remained: 4-MET monomer, which formed a calcium salt; PMMA; and 4-MET/MMA copolymer.
Finally, it is possible to conclude that there were two forms of 4-MET at the adhesive interface (monomer and polymer), one forming the salt in the carboxyl group and the other polymerizing in the methacryl group.
Both forms of 4-MET contribute to bonding; the hydrophobic end of the monomer attracts the MMA polymer, and the hydrophilic group attaches to calcium in the surface to form a calcium salt (Fig. 10A) . Figure 10B shows how the hydrophobic end (methacryl group) of 4-MET established a covalent bond with the MMA to form a copolymer and how the hydrophilic end was then electrostatically attracted to the enamel surface. We believe the adhesion. between 4-MET/MMA-TBB resin and an enamel surface occurs as the result of both the chemical bonds and the physical interactions described here. The adhesion strength is obtained directly from the bond strength at the molecular level and indirectly by the effective mechanical interlocking. This is possible because the ability of the 4-MET monomer to form a salt allows its quick attachment to the surface, and this attracts the MMA monomers to conform closely to the microscopic contours as they polymerize and solidify.
CONCLUSION
It is concluded that 4-MET bonds to bovine enamel since: 1) 4-MET monomer forms a salt with calcium and effectively changes the enamel surface so that it becomes hydrophobic, so the MMA and its polymer network are attracted, and 2) 4-MET and MMA bond to form a copolymer in which the hydrophilic ends of the 4-MET residues are attracted electrostatically to the enamel surface. It was found that formation of a salt by the carboxyl group and polymerization of 4-MET by the methacryl group were mutually exclusive for the same 4-MET molecule in MMA solution. 
